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ABSTRACT 
Understanding how climate processes facilitate stable water isotope variability in 
precipitation over time and space is critical to interpreting stable isotope-based paleoclimate 
proxies, particularly in the eastern equatorial Pacific where stable water isotope observations 
from precipitation (δ18Op and δDp) are sparse. Here we present a new 28-month record of daily 
δ18Op and δDp from Santa Cruz, Galápagos. With a prior 13-year record of monthly averaged 
precipitation isotope data from the island, these new data reveal valuable information on how 
meteorology, altitude, and source region characteristics influence the stable isotopic composition 
of precipitation in the region. 
Two sampling locations on Santa Cruz Island exhibit distinct local meteoric water lines; 
the drier, lower elevation site (7 m a.s.l.) has a significantly lower slope than the humid highland 
site (180 m a.s.l.), likely resulting from greater re-evaporation of falling rain. An altitude effect is 
also apparent, based on daily precipitation and δ18Op measurements across a 35 km transect of 
the island, with δ18Op decreasing by 0.2‰/100 m elevation. HYSPLIT backward trajectory 
modeling reveals important differences in how the path of atmospheric moisture affects stable 
isotope ratios in precipitation in the eastern equatorial Pacific and western equatorial Pacific. No 
significant relationship between moisture source area and δ18Op or deuterium excess is observed 
in our samples. We also find a lack of a predictable seasonal shift in moisture sources which 
explains the very small seasonal variation in δ18Op. Daily δ18Op near sea level was significantly 
correlated with precipitation amount, as was monthly, amount-weighted δ18Op and precipitation 
at sea level and 180 m. However, accounting for the non-normality of the data substantially 
reduces the strength of the correlation between δ18Op and precipitation on monthly timescales 
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while the δ18Op-precipitation relationship on daily timescales remained strong. Overall, we 
observe a stronger daily, rather than monthly amount effect in the Galápagos dataset. This result 
suggests Galápagos paleoclimate records which reflect δ18Op may capture a slightly different 
story than those in the western equatorial Pacific, where the amount effect is most strongly 
manifested on weekly to monthly timescales. 
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1. Introduction 
 The intricacy of processes regulating the El Niño/Southern Oscillation (ENSO) makes 
projecting its future variability amidst steadily rising global temperatures an arduous task 
(Collins et al., 2010). A more complete understanding of this global climate mode requires an 
enhanced concentration on the paleoclimate record of the eastern equatorial Pacific (EEP) where 
increased sea surface temperatures (SST) during canonical El Niño events spur large positive 
rainfall anomalies in the EEP and in much of South and North America (Kug et al., 2009; 
Johnson, 2013). Several studies from the EEP have provided the foundation for evaluating the 
history of ENSO throughout the Holocene using δ18O values from coral or mollusks (Dunbar et 
al., 1994; Carré et al., 2014), marine foraminiferal assemblages and isotopes (Loubere et al., 
2003), lacustrine mineralogical and sedimentological analysis (Riedinger et al., 2002; Conroy et 
al., 2008) and lake diatom assemblages (Conroy et al., 2009). More recently, records of 
precipitation amount in the Galápagos Islands have been obtained which utilize variations in 
hydrogen isotopes within biomarkers from aquatic plants, cyanobacteria, and dinoflagellates 
(Sachs et al., 2009; Atwood and Sachs, 2014; Zhang et al., 2014; Nelson and Sachs, 2016). 
These records are fairly continuous, capture century scale changes in precipitation, and extend 
back as far as the early Holocene. While proxies which depend on the stable isotopic 
composition of precipitation hold great promise, the actual mechanisms which drive variations in 
the stable isotopic composition of precipitation have been unexplored in the EEP. 
 Studies of stable isotopes in precipitation focus on two isotopic systems, 18O/16O and 
2H/1H. Relative abundances of the heavy isotope over the more common lighter isotope are 
measured as per mil deviations from the Vienna Standard Mean Ocean Water (VSMOW) 
standard. This is referred to as delta notation, as defined below. 
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In this study we use both δ18O and δD to investigate the connection between stable isotope ratios 
in precipitation, and climate. The basis for most paleoclimate investigations using the stable 
isotope composition of tropical rainfall is the inverse correlation between precipitation amount 
and the ratio of heavy to light oxygen and hydrogen isotopes in precipitation. This relationship is 
called the “amount effect” and has been observed throughout the tropics (Dansgaard, 1964; 
Rozanski et al., 1993). The amount effect has been attributed to a combination of regional and 
local atmospheric processes, one of which is Rayleigh distillation. Rayleigh distillation describes 
the rainout of the heaviest water molecules first during the evolution of a storm. This gradually 
decreases the remaining water vapor δ18O and δD to be condensed as the storm progresses 
(Dansgaard, 1964). The effect of evaporation on falling rain also contributes to the amount effect 
(Dansgaard, 1964; Stewart, 1975; Gat, 1996). When precipitation rate increases, the evaporation 
of falling droplets decreases. This prevents enrichment in heavy isotopologues associated with 
the evaporation of liquid water. The isotopic amount effect is significantly influenced by cloud 
convective processes too. These drive increased recycling of lighter water molecules due to 
downdrafts and updrafts of isotopically lighter vapor as atmospheric convection and precipitation 
rates strengthen (Yapp, 1982; Risi et al., 2008b; Kurita et al., 2009; Kurita, 2013). Moisture 
source and pathway may also influence the relationship between precipitation amount and 
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isotopic value as demonstrated in the western equatorial Pacific (WEP; Cobb et al., 2007) and 
Central America (Lawrence et al., 2004). These mechanisms have been studied in detail for 
individual islands in the western Pacific (Araguás-Araguás et al., 1998: Cobb et al., 2007; 
Moerman et al., 2013); however, no such investigation of processes relating to the isotopic 
composition of precipitation has been conducted in the EEP where recent work has used 
variations in hydrogen isotopes in biomarkers to interpret past rainfall quantities. 
 In this study we present the first daily-resolved record of oxygen and hydrogen isotope 
measurements from precipitation (δ18Op and δDp) in the eastern equatorial Pacific. Analysis of 
twenty-eight months of daily-resolved water samples from Santa Cruz Island, Galápagos, allows 
us to explore the atmospheric processes driving stable isotopic variability in EEP precipitation, 
from diurnal to intra-seasonal timescales. Additionally, a thirteen year record of monthly Santa 
Cruz δ18Op and δDp from the International Atomic Energy Agency (IAEA) operated Global 
Network of Isotopes in Precipitation (GNIP) database is analyzed alongside our observations 
(IAEA/WMO, 2016; http://www.iaea.org/water). Regional (Niño 1+2) and local meteorological 
variables are used to assess the influence of weather and climate on stable isotope ratios in 
precipitation at daily to monthly timescales. We also evaluated the spatial variability in δ18Op 
and δDp on Santa Cruz by simultaneously sampling single day rain events at eight locations 
throughout Santa Cruz Island across an elevation range of 616 m. 
Backwards trajectory modeling of single day rain events was conducted to identify 
typical moisture sources and trajectories of high and low δ18Op events. The amount effect is 
presented in the context of elucidating what climate signals could be expressed in historical 
records of isotopes in precipitation and how this may be similar to, or differ from the WEP. This 
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comprehensive examination of processes controlling stable isotope ratios in precipitation from 
the EEP provides critical empirical support for work citing the amount effect as a primary driver 
of isotopic variability in precipitation. Our results also add clarity to the spatial and temporal 
scope of climate variability recorded in stable isotope dependent paleoclimate proxies in the 
EEP. 
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2. Study Site and Methods 
2.1. Study site climatology and interannual variability 
 Straddling the equator in the eastern equatorial Pacific Ocean (EEP), the Galápagos 
Islands lie 1000 km west of the coast of South America (Fig. 1). The Galápagos receive limited 
rainfall (227 mm/year), relative to other near-equatorial islands in the central and western 
Pacific, such as Kiritimati (2°N, 157°W, ~700 mm/yr; Adler et al., 2003) and Palau (7°N, 134°E, 
~2650 mm/yr; Adler et al., 2003). Regional upwelling and large-scale atmospheric subsidence, 
due to the descending limb of the Walker Circulation Cell over the eastern equatorial Pacific, 
combine to produce the relatively dry climate of the Galápagos. Seasonally, the Galápagos 
lowlands (sea level to 150m a.s.l.) experience a warm, rainy season from January to May, which 
produces 71% of the annual lowland rainfall. In June, a cool, drier season begins as the 
southeasterly trade winds strengthen, upwelling is enhanced off the coast of South America, and 
regional SST declines (Trueman and d’Ozouville, 2010). The subsequent dry season in the 
lowlands lasts through December. An inversion layer created by the cooler ocean waters also 
partly limits convection in the lowlands during the dry season, although this inversion is 
penetrated by the highlands (>150 m on the windward side of the islands), which have a bimodal 
precipitation climatology and overall wetter climate than the arid lowlands (Colinvaux, 1972). 
While the highlands share the same seasonality as the lowlands in terms of temperature, they 
receive 57% of their annual rainfall during the cool season and 43% during the warm season, and 
over 500 mm more rainfall annually than the lowlands (Trueman and d’Ozouville, 2010). 
Ultimately, the position of the Inter-Tropical Convergence Zone (ITCZ), a continuous band of 
atmospheric convection and low pressures dictated by warm SST, regulates seasonality in the 
EEP. During the warm season in boreal winter and early spring, the ITCZ is at its southernmost 
6 
 
position, decreasing the strength of southeast trade winds (Pisias and Rea, 1988). This leads to a 
deeper thermocline, warmer SST and increased atmospheric convection in the region (Mitchell 
and Wallace, 1992). Upon northward migration of the ITCZ in late spring, southeast trade winds 
strengthen, bringing cooler temperatures and reduced precipitation to the islands (Colinvaux, 
1984).  
While the seasonal cycle is strongly manifested in the EEP, the El Niño/Southern 
Oscillation (ENSO) is the first order driver of interannual variability in Galápagos climate. 
During canonical El Niño events that develop off the coast of South America, the southeasterly 
trade winds weaken, upwelling declines, the thermocline deepens and the Galápagos experiences 
warmer than normal SST (Kessler, 2006). Warmer SST leads to deterioration of the atmospheric 
inversion layer, jumpstarting convection and increasing precipitation in the Galápagos (Trueman 
and d’Ozouville, 2010). During La Niña events, the Galápagos experiences extremely arid 
conditions created by anomalously low SST, increased southeasterly trade winds, and increased 
subsidence (Trueman and d’Ozouville, 2010). 
2.2 Sampling locations and collection procedures 
 A total of 199 daily and 14 intra-event precipitation samples were collected from Santa 
Cruz Island. This island is the second largest of the Galápagos (986 km2) and lies in the center of 
the island archipelago (0.65°S, 90.35°W), reaching nearly 850 m above sea level at its highest 
point. Daily precipitation samples were collected at the Charles Darwin Research Station 
(0.73°S, 90.3°W, 7 m above sea level) on the southern coast of the island from October, 5, 2012 
to January 12, 2015.  The Charles Darwin Research Station (CDRS) lies within the arid coastal 
region of the islands, with a median precipitation rate of 227 mm per year. Precipitation 
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accumulation over approximately 24 hours was collected daily between 6AM and 8AM, using a 
separatory funnel and mineral oil to guard against evaporation, following IAEA protocols 
(http://www-naweb.iaea.org), and sampled into 3.5 ml crimp-top vials. 
 During a January 2015 sampling mission, we collected daily and intra-event precipitation 
at eight sites across the island to assess the island’s spatial isotopic variability. The sites lie along 
the Santa Cruz Highway (Fig. 1), a major roadway that bisects the island. In total, the range in 
elevation among our sites was 616 m, with the lowest site near sea level. Of the eight sampling 
locations along the north/south transect, two were in the arid lowlands, three were in the 
transition zone (one on the leeward side) and three were in the humid highlands. Elevation, 
climate zone, and coordinates for each sampling location can be found in Table 1. Each day, 
water from precipitation collectors (adapted from Kazahaya and Yasuhara, 1994) consisting of a 
14.5 cm diameter funnel, graduated cylinder, and ping pong ball to reduce potential evaporation 
was collected, measured, poured, and promptly sealed into 3.5 mL crimp-top vials. Samples with 
sufficient volume were taken in duplicate. An additional 12 samples were collected during brief 
showers between January 10 and January 17 along the Santa Cruz Highway, in Puerto Ayora, 
and at CDRS. 
2.3 Precipitation isotope measurements 
 All isotopic analyses of samples collected from 2012-2015 were conducted at the 
University of Illinois Urbana-Champaign using a Picarro L2120-i cavity ringdown isotopic 
analyzer (Gupta et al., 2009). A high precision vaporizer introduced the samples to the isotopic 
analyzer at 110°C. Calibration of the measurements was accomplished using NIST-VSMOW, 
NIST-SLAP, and NIST-GISP, with three additional internal standards (δ18O: 0.26‰, -6.81‰, 
8 
 
and -10.15‰ δD: 0.6‰, -41.7‰, and -72.3‰) to correct for drift as outlined in van Geldern and 
Barth (2012). Memory effects between injections of samples during analysis were corrected 
using empirically derived memory coefficients. No memory effect between samples is attributed 
to the sampling apparatus because funnel and collector had ample time to dry completely 
between rain events and collection. Lab experiments recreating field conditions suggest a slight 
memory effect (<0.10‰ δ18Op and δDp), less than instrumental precision of 0.1‰ for δ18Op and 
1.0‰ for δDp, may be present in samples collected at the same location in one day during our 
spatial sampling mission due to incomplete drying of collector between sampling times. There is 
no indication that evaporation had an effect on isotopic composition after collection of samples 
based on analysis of deuterium excess (d = δDp – 8 x δ18Op). For 275 samples analyzed, standard 
deviation for repeated δ18O measurements of the same sample is 0.04‰, and 0.27‰ for δD. 
Individual samples yielding standard deviations of >0.1‰ and >1.0‰ for δ18O and δD 
respectively were discarded. Before comparing samples to GNIP isotopic values and monthly 
climate datasets, 2012-2015 samples were converted to monthly averages using amount 
weighting. 
2.4 Climate and GNIP isotopic data  
Monthly precipitation isotope data from the Galápagos spanning 1995-2008 (N=140) 
were obtained from the International Atomic Energy Agency’s GNIP database (IAEA/WMO, 
2016; http://www.iaea.org/water). All GNIP isotope data are monthly averaged and weighted by 
precipitation amount. The GNIP station operated continuously in Bellavista (0.71°S, 90.3W), a 
small village 180 m above sea level. Bellavista lies within the transition zone between the arid 
lowland and humid highland climates, with a median annual rainfall of 813 mm. Three GNIP 
measurements (both δ18O and δD) were not incorporated into our analyses as they fell 
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substantially below the local meteoric water line with deuterium excess values 4σ below the 
mean. Deuterium excess (d-excess) is an isotopic parameter dependent on the relative δ18O and 
δD composition of water which can indicate evaporation of water (Dansgaard, 1964; Fröhlich et 
al., 2001). Graphically, d-excess is the y-intercept of a line with a slope of 8 running through a 
sample plotted on a δ18O vs. δD grid.  
 Regional climate datasets (Niño 1+2; 0°-10°S by 90°-80°W) were obtained from multiple 
sources (Fig. 2) including interpolated (monthly averages) and non-interpolated (daily) outgoing 
longwave radiation (OLR) anomalies from the National Oceanic and Atmospheric 
Administration (NOAA) and National Centers for Environmental Prediction (NCEP) to estimate 
atmospheric convection (Liebmann and Smith, 1996), relative humidity anomalies (RH) from 
NCEP Reanalysis 2 (Kanamitsu et al., 2002), monthly precipitation anomalies from the Global 
Precipitation Climatology Project version 2.2 (GPCP2.2; Adler et al., 2003), daily precipitation 
anomalies from NOAA’s Climate Prediction Center Morphing Technique (CMORPH; Joyce et 
al., 2004), and both monthly and daily observed SST anomalies from NOAA/NCEP (Reynolds et 
al., 2002; Reynolds et al., 2007). The Niño 1+2 region was selected based on a prior study 
showing the close relationship between Galápagos Islands climate and Niño 1+2 (Conroy et al., 
2008). Monthly and daily weather station data acquired from GNIP and the Charles Darwin 
Research Foundation (www.darwinfoundation.org) for Bellavista (1987-2014) and Puerto Ayora 
(1964-2014) were used to assess relationships between local climate and the isotopic 
composition of precipitation. Station variables include air temperature, precipitation amount, 
relative humidity, and SST (measured at Puerto Ayora) Precipitation amount at Bellavista and 
CDRS was measured at rain gauges near the collectors used to obtain samples for isotopic 
analysis. All monthly anomaly data calculated with respect to monthly averages. Local OLR was 
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obtained from Climate Explorer (http://climexp.knmi.nl) and estimated using the same grid 
centered on Santa Cruz for both locations (88°W to 93°W and 1°N to 3°S). 
 Backwards atmospheric moisture trajectories from 65 days that produced precipitation at 
CDRS were modeled using the NOAA Air Resource Laboratory HYSPLIT trajectory model 
(http://ready.arl.noaa.gov/HYSPLIT_traj.php; Stein et al., 2015). Individual days with 
precipitation of δ18O greater or less than one standard deviation from the mean (δ18O > 0.0‰ or 
δ18O < -2.00‰) were selected as high δ18Op and low δ18Op comparison groups. Additionally, 24 
other days containing precipitation from various months were selected to help investigate 
seasonal patterns in moisture trajectory. High and low deuterium excess groups from the 65 
modeled days that produced precipitation were defined using the same criteria as with δ18Op. 
CDRS (0.73°S, 90.3°W) served as the starting point for each 72-hour trajectory modeled back in 
time. Global Data Assimilation System (GDAS) half degree meteorology was used for each 
model run. Initial altitudes of 750 m and 2125 m were used to capture the movement of air below 
and above the boundary layer en route to the Galápagos Islands. 
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3. Results 
3.1. Monthly averaged δ18Op and δDp 
 Previously published monthly δ18Op values from the GNIP Bellavista station (Fig. 3a; 
IAEA/WMO, 2016) range from -8.26‰ to 0.74‰ (δDp from -55.7‰ to 12.7‰). The data are 
negatively skewed with a mean δ18Op of -1.91 ± 1.15‰, 1σ (δDp = -5.00 ± 8.91‰, 1σ) and 
median of -1.58 ± 1.15‰ (δDp = -2.20 ± 8.91‰, 1σ). The Bellavista meteoric water line (MWL), 
which describes the line of best fit through δ18Op and δDp values of all samples, has a slope of 
7.62 ± 0.11‰, 1 SE and intercept of 9.59 ± 0.25‰, 1 SE (Fig. 4). This slope closely resembles 
the global meteoric water line (GMWL) with a slope of 8. From February through April, when 
regional temperatures are typically warmer than the rest of the year, Bellavista experienced lower 
average δ18Op (-3.00‰ ± 1.58‰, 1σ), whereas δ18Op was higher in the cooler months from May 
to January (-1.56 ± 0.64‰, 1σ). Deuterium excess (d-excess) averages 10.30‰ ± 1.61‰ (1σ) 
and ranges from 6.34‰ to 15.5‰. October had the lowest mean d-excess value (8.0‰) while 
February and March had the highest (10.8‰). December 1997 to June 1998 exhibited the lowest 
continuous period of δ18Op values (average δ18Op = -4.94 ± 2.32‰, 1σ; minimum δ18Op = -
8.26‰), coinciding with the strong 1997-1998 El Niño event. D-excess during this same time 
period averaged 11.76 ± 1.83‰ (1σ). Excluding data associated with the 1997-1998 El Niño 
event, which is a strong outlier in terms of precipitation amount and temperature, does not 
significantly change average δ18Op, δDp, and d-excess values. 
 The twenty-eight month record (2012-2015) of amount-weighted monthly means of daily 
samples from the Charles Darwin Research Station, reveals a maximum δ18Op value of -0.18‰ 
and minimum of -3.13‰, with a mean value of -1.10 ± 0.71‰. These monthly averaged sea 
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level data also show a strong seasonal cycle (Fig. 3b), but with a one month offset in minimum 
δ18Op values compared to Bellavista. Precipitation δ18O values were most negative from March 
through May of each year (mean = -2.1‰ ± 0.6‰, 1σ) while the average value from June-
February was -0.8 ± 0.2‰, 1σ. The monthly, amount-weighted MWL at CDRS (δDp = 6.32 ± 
0.42 x δ18Op + 6.17 ± 0.54, 1 SE), defined by monthly mean values, has a significantly lower 
slope (95% confidence level) from the Bellavista MWL. Monthly amount-weighted d-excess 
values range from 2.3‰ to 11.5‰, with an average of 8.0 ± 1.9‰ (1σ) not significantly different 
than average monthly d-excess at Bellavista. June had the lowest average d-excess (6.0‰) and 
February had the highest (9.3‰). 
3.2. Daily rainfall δ18Op, δDp and d-excess 
 Daily δ18Op values, collected in the arid lowland of Santa Cruz at CDRS over a period of 
two years and four months, ranged from 1.8‰ to -5.3‰, averaging -0.98 ± 0.97‰ (1σ, N = 
210). The average δDp value was -0.1 ± 6.2‰ (1σ, N = 210) and ranged from 11.1% to -29.6‰. 
Daily rainfall d-excess at the CDRS had a mean value of 7.8 ± 2.9‰ (1σ, N = 210) with a high 
of 14.7‰ in February 2013, and a low of -1.7‰ in June 2013. The longest sustained period of 
elevated daily δ18Op and δDp values occurred from mid-June 2014 through mid-September 2014, 
with an average δ18Op = -0.2‰ and δDp = 4.4‰ (N = 26). The overall mean monthly δ18Op 
standard deviation was 0.7‰. Individual months from February to June experienced higher 
variability in daily δ18Op (σ = 0.95‰) while July to January exhibited lower intra-month 
variability (σ = 0.52‰).  
Variability in isotope composition within a single month was greatest in May 2014, when 
δ18Op had a range of 5.2‰ and standard deviation of 1.3‰ (N = 21). The lowest δ18Op values 
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occurred in May 2014, when precipitation δ18Op reached its minimum value of -5.3‰ (δDp = -
29.6‰). Nine days registered δ18Op values at or lower than -2.00‰ making it the longest, lowest 
sustained decrease in δ18Op in 28 months of sampling. D-excess was not significantly different 
from the rest of the record in terms of its mean value or standard deviation.  
3.3. δ18Op and d-excess versus altitude 
 Sampling of rainwater at altitudes ranging from 5 m to 623 m in January 2015 (Fig. 5) 
shows a significant negative relationship between altitude and δ18Op (R = -0.88, N = 33, p < 
0.0001). Values of δ18Op ranged from a low of -1.47‰ in the highlands to a high of 0.18‰ near 
sea level during this time period. A linear regression indicates a -0.2‰ change in δ18Op for every 
100 meters of elevation gain, while deuterium excess increased 0.7‰ per 100 m altitude gain (R 
= 0.76, N = 33, p < 0.001). 
3.4. Moisture trajectory analysis 
 Model results suggest low level winds (750 m) carrying moisture capable of producing 
measurable precipitation at CDRS predominately originate from the southeast while moisture 
from above the mixed layer (2125 m), or free atmosphere, often comes from the north or 
northeast. No discernable pattern is observed relating δ18Op to low level source, though rain 
events producing lower δ18Op values have a wider range of source locations than high δ18Op 
precipitation events which almost exclusively come from the southeast (Fig. 6). Modeling of 
moisture trajectories above the mixed layer at 2125 m altitude suggest easterly moisture sources 
could have a slight proclivity to produce precipitation with higher than normal δ18O, while upper 
level moisture source contributing to low δ18Op rain is more variable. No obvious correlation 
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between modeled moisture trajectory and deuterium excess in daily precipitation samples is 
present at either altitude (Fig. 7). Grouping the modeled trajectories by month produces little 
evidence of consistent seasonality in winds bringing moisture to the Galápagos Islands. Figure 8a 
and 8b show modeled trajectories from each month grouped by season as determined by δ18Op 
and precipitation amount data. Each month contains at least five trajectories, many of which are 
from different years during our collection period at CDRS from October 2012 through January 
2015. Lower level trajectories (Fig. 8a) throughout the year tend to originate from the southeast 
with notable excursions in all seasons. Multiple deviations from the norm occur in January, 
March, July, and November, when several occurrences of northeast trajectories were modeled. 
Above the boundary layer, winds consistently blow from the northeast and east northeast, though 
like lower level winds, exceptions to this trend are present. During June, July, and August, the 
model results show free atmospheric winds occasionally blowing from the southeast. A slight 
clockwise rotation in upper level winds (Fig, 8b) occurs in December through late Northern 
Hemispheric summer when winds rotate back counterclockwise after their most easterly 
trajectories. Modeled trajectories from May 2014 do not fit this trend. No such rotation in 
trajectories of lower level winds is apparent. Backwards modeling of moisture trajectories for 
individual days shows no definitive source control on δ18Op or d-excess in precipitation relating 
to a seasonal cycle, or source region in general.  
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4. Discussion 
4.1 Amount Effect  
The negative correlation between precipitation amount and δ18Op or δDp is called the 
“amount effect” and is commonly exhibited in tropical precipitation (Dansgaard, 1964; Rozanski 
et al., 1993). This “amount effect” was once generally attributed to Rayleigh distillation and the 
progressive decrease in heavier isotopes with increasing rainout (Dansgaard 1964; Gat, 1996). 
More recent studies suggest a larger role of sub-cloud rain evaporation and recycling of depleted 
water vapor (with respect to heavy isotopes) within and below the cloud (Risi et al., 2008a). It is 
important to understand how this amount effect is manifested throughout the Pacific basin to 
correctly interpret paleoclimate proxies of stable water isotopologues. By analyzing the strength 
of the relationship between regional precipitation amount and stable isotope composition, we are 
able to determine the capability of a proxy to record historical trends in regional precipitation 
amount. Similarly, the strength of the relationship between local rainfall amount and isotopes 
allow us to determine the effectiveness of proxies in capturing local precipitation amounts 
through time. These differences in spatial properties of the amount effect may be important to 
consider depending on the breadth of interpretations made. Inspection of the amount effect at 
different temporal scales is also valuable. Assessing the strength of the amount effect at daily, 
monthly, and seasonal intervals can yield useful information about the spectrum of climate 
processes contained within isotope-based paleoclimate proxies.   
In northern Borneo (western equatorial Pacific; 4°N, 115°E) one study (Moerman et al., 
2013) demonstrated the relationship between local precipitation amount and δ18Op was more 
robust at a monthly timescale (R=-0.56, p<0.01) than at the daily timescale (R=-0.19, p<0.05). 
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Running means of regional precipitation amount using satellite measurements averaged over a 
2.5° x 2.5° box centered at sampling location, showed a stronger correlation to δ18Op than local 
precipitation amount, with the relationship strongest using a 5-day running mean of precipitation 
amount. Data from other island stations and cruises in the WEP also suggest that there, the 
amount effect is a product of regional, rather than local atmospheric processes (Kurita et al., 
2009, Kurita, 2013). Basin-wide climate phenomena like ENSO and the Madden-Julian 
oscillation (MJO) influence the strength of the amount effect in the WEP as increases in regional 
precipitation amount, associated with strong La Niña events for example, cause δ18Op to 
decrease. Daily δ18Op from the Galápagos Islands and the 13-year monthly record of δ18Op from 
GNIP and meteorological data allows us to investigate the amount effect on multiple temporal 
and spatial scales in the eastern equatorial Pacific. We hypothesize that the amount effect in the 
EEP will also be significantly influenced by large climate phenomena such as ENSO (Bell and 
Halpert, 1998; Moerman et al., 2013; Conroy et al., 2013) on both daily and monthly timescales. 
Daily sampling of precipitation in the Galápagos from 2012-2015 indicates the amount 
effect is equally manifest in daily precipitation and monthly precipitation at CDRS, unlike the 
amount effect in the WEP. At CDRS, local daily precipitation amount and δ18Op (Fig. 9a) show a 
significant and moderately strong correlation (R=-0.57, p<0.0001, N=198) unlike what is 
observed in the WEP. Analysis of local monthly averaged precipitation and monthly δ18Op at 
CDRS (Fig. 9b) also demonstrate a substantial amount effect (R=-0.61, p<0.001, N=28) on par 
with the daily correlation. A weaker regional amount effect is observed at CDRS at both 
timescales in contrast to the WEP, with lower correlations between δ18Op and Niño 1+2 
precipitation (monthly R =-0.47; p<0.02, N=28; daily R =-0.27; p<0.001, N=198). This weaker 
regional relationship suggests the variability in δ18Op at CDRS may be influenced to a greater 
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degree than in the WEP by local processes like evaporation of falling rain, or rainout during 
individual storm events (i.e. the traditional amount effect). The correlations between δ18Op and 
precipitation amount from CDRS and Niño 1+2 using 1 to 80 day running means (Fig. 10) 
increase significantly, providing evidence of a time and space integrative system generating 
variability in isotopic composition. Although a regional monthly amount effect at CDRS may not 
be blatant, the isotopic composition of precipitation here is likely influenced by atmospheric 
convection as indicated by the high correlation of δ18Op and OLR averaged over Niño 1+2 
(R=0.61, p<0.001, N=28). 
 The GNIP data from Bellavista does not have daily resolution; however, it does provide 
additional information on the climate processes recorded in monthly δ18Op and δDp in the 
Galápagos Islands. The 13-year record shows a link between both local (R=-0.56, p<0.001, 
N=140) and regional (R=-0.78, p<0.001, N=140) monthly precipitation and δ18Op. Bellavista 
stays much more humid throughout the year than CDRS and often is blanketed in stratus clouds 
(Trueman and d’Ozouville, 2010). Thus, evaporation of rain droplets likely has only a small 
impact on the δ18Op value at Bellavista relative to the arid lowlands at CDRS. Precipitation in the 
highlands near Bellavista shows a prominent amount effect, which is most obvious using 
regional precipitation amount, mimicking trends from the WEP. However, the regional amount 
effect found at Bellavista is still not as strong as at CDRS, where regional manifestation of the 
amount effect may be enhanced by local atmospheric convection.  
 The amount effect correlation is often assessed using the standard Pearson’s correlation 
coefficient (R), a parametric test used to identify correlations between two sets of data (e.g., 
Rozanski et al., 1993, Lachniet and Patterson, 2006, Cobb et al., 2007, Moerman et al., 2013; 
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Conroy et al, 2013). Because precipitation in the Galápagos Islands is less frequent than in the 
WEP, the distribution of daily and monthly precipitation amounts are skewed by rare, deep 
convective systems which produce significantly higher than normal amounts of rain. This creates 
a non-normally distributed set of precipitation amount measurements (Fig. 11). A better way to 
investigate relationships where rainfall is non-normally distributed such as in the Galápagos, is 
the Spearman Rank correlation coefficient. Spearman’s ρ, a non-parametric test, is necessary to 
analyze datasets that are not normally distributed, such as Galápagos precipitation. The test 
mitigates the impact of outliers (i.e. rare, large rain events), arguably creating a better evaluation 
of the relationships between non-normal datasets. For this reason, Spearman’s ρ was calculated 
for monthly and daily, regional and local precipitation amount versus δ18Op at CDRS (Table 2). 
In addition, ρ was calculated for Bellavista samples though only monthly averages are available. 
Large differences between Pearson’s R and Spearman’s ρ have important implications: In all 
instances where there is a strong correlation between monthly precipitation amount and δ18Op, ρ 
values are lower than R values. For example, monthly averaged regional precipitation amount 
and δ18Op at Bellavista are well correlated using Pearson’s R (R=-0.78, p<0.001, N=140). When 
we correctly utilize Spearman’s ρ for this non-normal dataset, the monthly amount effect is 
substantially weaker (ρ=-0.42, p<0.01). This discrepancy also exists using local monthly 
averaged precipitation amount and δ18Op at CDRS. Here, Pearson’s R is much larger than 
Spearman’s ρ (R=-0.61, p<0.001, N=28 and ρ=-0.33, p=0.08), suggesting the amount effect at 
monthly timescales is actually quite weak at both Galápagos sampling sites using both local and 
regional precipitation. However, on daily timescales at CDRS, Pearson’s R and Spearman’s ρ for 
precipitation amount and δ18Op are similar (R=-0.57, p<0.001, N=198 and ρ=-0.55, p<0.001). 
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These results demonstrate that, unlike the WEP, the amount effect at CDRS is strongly 
manifested from daily to monthly timescales. 
The relationship between monthly precipitation amount and δ18Op is strongly dependent 
on extreme events, namely high precipitation amount during strong El Niño events. This bias, 
whereby the amount effect is dominated by extreme events, is important when interpreting 
paleoclimate proxies invoking the amount effect in the EEP. The 1995-2008 GNIP dataset from 
Bellavista captures the 1997-98 El Niño, one of the largest El Niño events in recorded history 
(McPhaden, 1999), allowing us to explore the potential impact of extremely high monthly 
rainfall on stable water isotope ratios in precipitation in the region. Inspecting how the amount 
effect retains its integrity during different phases of ENSO provides a valuable confirmation of 
how recent proxies based on stable isotopes in precipitation from the Galápagos Islands are 
interpreted (Sachs et al., 2009; Atwood and Sachs, 2014; Zhang et al., 2014). Given that the 
intent of many of these studies has been to reconstruct variability of ENSO (a regional climate 
phenomenon) throughout the Holocene, identifying the strength of the relationship between 
monthly regional precipitation amount and δ18Op at Bellavista across a range of ENSO events, 
including strong El Niños, is important (Fig. 12). As stated previously, there is a significant 
correlation between monthly regional precipitation amount and δ18Op at Bellavista (R=-0.78, 
p<0.001; ρ = -0.42, p<0.001). The relationship is substantially stronger during the intense El 
Niño of 1997-1998 (R=-0.85, p<0.001, N=15; ρ = 0.-91, p<0.001), when Niño 1+2 SST 
anomalies were above 1.5°C (N=15 months). Excluding the 1997-98 event from the Bellavista 
dataset, greatly reduces the correlation between amount and δ18Op (R=-0.60, p<0.001, N=125; ρ 
= -0.34, p<0.001). The Spearman Rank correlation coefficient gauging the amount effect for the 
months not including El Niño remains statistically significant, but drastically smaller than during 
20 
 
the strong 1997-’98 El Niño event. Although this monthly isotope record spans only 13 years and 
one very large El Niño event, the lack of a robust amount effect in non-El Niño years implies 
small to moderate changes in precipitation amount may be difficult to detect in proxies sensitive 
to isotopes in precipitation from the EEP (Fig 13). This bias towards strong El Niño events is 
also demonstrated in sediment and mineralogical proxy records from the EEP (Riedinger et al., 
2002; Moy et al., 2002; Conroy et al., 2008). 
Recent attempts using stable isotopes to track the history of precipitation amount in the 
Galápagos Islands have devised creative methods to differentiate the influence of El Niño from 
other climate mechanisms causing variability in rainfall amount (Zhang et al., 2014; Atwood and 
Sachs, 2014; Nelson and Sachs, 2016). The δD value in a lipid biomarker produced by the green 
algae Botryococcus braunii was used as a proxy for the δD value of water at El Junco Lake, on 
San Cristobal Island (Zhang et al., 2014; Atwood and Sachs, 2014). The small size of the lake 
(diameter = 280 m, depth = 6 m) and its location in the humid highlands of San Cristobal create 
an environment where lake water isotopic composition is heavily influenced by the isotopic 
composition of precipitation; this justifies the use of δD in the lipid biomarker as a proxy for 
precipitation. Variations in δD of botryococcene and their concentration throughout the lake 
sediment record are presumed to be related to variability in El Niño because of their ability to 
flourish in diluted, nutrient poor waters characteristic of El Junco during El Niño conditions. To 
complement this tracer of El Niño, the δD of an additional biomarker from a dinoflagellate was 
used as a proxy for mean rainfall amount. The algebraic difference between the two signals was 
then used as a secondary indicator of ITCZ movement (N-S) because any significant 
disagreement between the two proxies likely was caused by changes in precipitation arising from 
century scale movement in the position of the ITCZ (north = drier, south = wetter). More 
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recently, δD in lipid biomarkers from microalgae and mangrove trees found in lakes on Isabella 
Island were used to reconstruct the history of lake water isotopic composition and salinity 
(Nelson and Sachs, 2016). In a similar approach to Atwood and Sachs (2014), they used 
opposing trends in paired biomarkers to infer the individual influences of El Niño and the ITCZ 
on precipitation amount over the past several thousand years. 
Despite our analysis of the amount effect which suggests individual stable isotopic 
proxies for precipitation in the EEP only capture variations in the frequency of very strong El 
Niño events, recent strategies using paired isotope records in the Galápagos Islands have 
revealed evidence of rainfall variability unassociated with El Niño (Atwood and Sachs, 2014; 
Nelson and Sachs, 2016). It has been demonstrated that with an understanding of the biochemical 
systems preserving the isotope chemistry of lake water, approaches using complementary 
isotopic records (e.g. δD in dinoflagellates vs. green algae biomarkers) can produce information 
unattainable through traditional application of the amount effect with a single isotope record 
(Atwood and Sachs, 2014). While these techniques offer promise, isotopic variability in 
precipitation in the EEP remains low compared to the WEP, even from a strong El Niño to strong 
La Niña event (3-5‰ δ18O; Fig. 13). Ultimately, this may limit the scope of rainfall variability 
recorded in stable isotopic proxies in the EEP. In addition, processes affecting isotopic 
composition of water other than the isotopic composition of precipitation are important to 
consider in any paleoclimate study using these isotope systems. For example, the balance of 
precipitation/evaporation and groundwater inputs can buffer or destroy the precipitation amount 
controlled lake water δ18O/δD. This places an increased importance of hydrologic modeling on 
studies which use isotope based records of precipitation. 
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4.2. Galápagos MWLs and Altitude Effects 
 The local meteoric water lines (LMWL) defined by amount weighted monthly averaged 
isotope data (δ18Op vs. δDp) from both sampling locations reveals the influence of post-
condensation kinetic processes. From 1995-2008 at Bellavista (IAEA, 2006), the slope of the 
LMWL was 7.62 ± 0.11 1σ, similar to the GMWL slope of 8 (Craig, 1961b). However, the 
LMWL at CDRS from October 2012 to January 2015 has a slope of 6.32 ± 0.42 1σ. The slope of 
the LMWL at CDRS using daily isotopic data is even lower, 5.86 ± 0.15 1σ. Since atmospheric 
water vapor at Bellavista and the Charles Darwin Research Station share a common moisture 
source, variable climate conditions during initial source evaporation are likely not drivers of 
LMWL slope differences. Rather, we hypothesize that differing evaporation rates of falling 
raindrops in the two different climate zones more realistically explains the two distinct slopes of 
LMWL. This decrease in slope of an increasingly evaporated body of water (in this case falling 
raindrops) has been demonstrated mathematically and empirically (Friedman, 1962; Stewart, 
1975; Gonfiantini, 1986; Gat, 1996). Therefore the significantly smaller slope at CDRS may be a 
product of subcloud rainfall evaporation, given the higher aridity in the lowlands (Friedman et 
al., 1962; Jouzel, 1986; Gat, 1996). 
 Results of our spatial sampling mission also point toward evaporation affecting the 
isotopic composition of falling rain throughout the island. Average δ18Op from our sampling 
locations between sea level and 246 m. was approximately -0.5 ± 0.37‰ while average δ18Op 
above this elevation averaged -1.2 ± 0.2‰; a significant difference. A ~0.2‰ decrease in δ18Op 
every 100 m in elevation gained is observed (Fig. 5) and is comparable to gradients 
(~0.21‰/100 m) in the Ecuadorian Andes (Poage and Chamberlain, 2001). We attribute this 
altitude effect to two processes: rainout of heavier isotopes at lower altitudes with progressive 
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condensation leading to lighter isotopes at higher altitudes, and a decrease in rain re-evaporation 
in the humid highlands. The arid conditions in the Galápagos lowlands cause increased 
evaporation of falling droplets leading to enrichment of heavy isotopologues in the precipitation 
as lighter water molecules are preferentially evaporated. Additionally, greater droplet travel 
times from cloud to ground provide an increased opportunity for evaporative enrichment at lower 
altitudes. At higher elevations, increased relative humidity and a near constant fog (garúa) 
suppresses evaporation of falling droplets. These mechanisms causing changes in isotopic 
composition in precipitation with increased attitude have been observed in several high elevation 
places around the world (Clark and Fritz 1997; Fontes and Olivry, 1977). The relationship 
between altitude and δ18Op on Santa Cruz is surprising given the limited range in elevation (~618 
m) compared to other locations exhibiting the altitude effect such as the Andes Mountains, where 
similar gradients are observed with ~3000-4000 m of elevation change (Poage and Chamberlain, 
2001). 
 We find that the stable isotopic composition of precipitation on Santa Cruz has a 
significant relationship with elevation. First, a significant difference in slope of the LMWL at 
Bellavista and Charles Darwin Research Station is observed despite only 5 km of separation and 
an elevation change of ~200 m between the two long term collection sites. Additionally, the 
presence of a significant, negative δ18Op /altitude gradient in precipitation on an island with a 
maximum altitude of ~850 m also demonstrates the spatial variability in the stable isotopic 
composition in precipitation on the island which is less than 1000 km2 in total area. Our results 
emphasize the necessity for understanding local meteorological and geographic influences on the 
isotopic composition of precipitation when interpreting isotope based paleoclimate records. 
Processes such as altitude-dependent rainout of heavy isotopes and differential evaporation rates 
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affecting falling water droplets may differ significantly over small distances; this is important to 
consider if paleoclimate records from multiple locations are compared.  
4.3. Moisture Trajectories and Seasonal variation in δ18Op 
 Modeling of atmospheric trajectories leading to precipitation events in the Galápagos 
Islands from 2012-2015 fails to substantiate any strong relationship between δ18Op and moisture 
source. Although moisture in the Galápagos Islands originates from a variety of locations, 
potential source regions do not appear to consistently produce characteristic isotopic values. One 
exception to this may be low level winds from the northeast and due south of the Galápagos 
Islands. Our modeling shows five trajectories from these directions, all of which correspond to 
low δ18Op precipitation events. More commonly, the southeast trade winds, which bring water 
vapor to the area throughout most of the year, have repeatedly resulted in precipitation with δ18O 
both higher and lower than one standard deviation from the mean (Fig. 6a). Low level moisture 
from the northeast has demonstrated this capability too. Analysis of individual moisture 
trajectories and corresponding SST at the source region for 26 of the highest and lowest δ18Op 
and d-excess samples were produced from 2012 to 2015 showed no indication that source SST 
significantly affects daily δ18Op (d-excess vs. SST, R=0.10, p=0.38, N=12 and δ18Op vs. SST, 
R=0.20, p=0.25, N=14). A small difference in trajectories modeled at 2125 m producing high 
and low δ18Op may be present as indicated in Figure 6b; however, a longer sampling period is 
necessary to determine the cause or validity of this observation. 
 Deuterium excess in precipitation has been demonstrated to be a tracer for moisture 
source because of its high sensitivity to changes in relative humidity over evaporating seawater 
(Merlivat and Jouzel, 1979). Counter to this, our modeled moisture trajectories grouped by high 
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and low d-excess rainfall (Fig. 7) show no agreement with moisture provenance at either 
modeled altitude. Unfortunately no daily relative humidity data product is available in the region 
to quantify a correlation between d-excess and source relative humidity. The lack of an apparent 
relationship between moisture trajectory and d-excess could result from local processes such as 
mid-fall evaporation of rain droplets dampening source related d-excess values (Friedman et al., 
1962; Jouzel, 1986; Gat, 1996). A decrease in d-excess with greater evaporation of falling 
raindrops at CDRS, relative to Bellavista, would influence the slope of the LMWL, supporting 
our conclusions made in 4.1 which suggest evaporation of falling raindrops at CDRS is likely 
influencing the relative proportion of 18O and 2H in precipitation.  
A predictable annual cycle in moisture sources is not observed through our HYSPLIT 
modeling within the boundary layer. However, we do detect a rotation in wind direction at 2125 
m (within the free troposphere) throughout the year (Fig. 8b). Dramatic seasonal changes in 
moisture source are realistic in the tropics due to the seasonal positioning of the ITCZ and the 
related shifts between the northeast and southeast trade winds. For example, in northern Borneo, 
in the WEP, we see a seasonal change in wind direction due to the migration of the ITCZ north 
and south of the island manifested as a 6‰ seasonal shift in δ18Op (Cobb et al., 2007). This is 
created by changes in the distance moisture must travel to get to the island, and varying 
orographic effects on isotopes dependent on prevailing wind direction which changes seasonally. 
However, we have little evidence to suggest this is affecting the isotopic variability in 
precipitation in the Galápagos Islands. Here, the long term seasonal δ18Op variability at 
Bellavista and CDRS is only ~2‰, and our modeling indicates wind directions do not shift 
predictably with the annual migration of the ITCZ. This discrepancy in amplitude of seasonal 
isotopic variability between the EEP and WEP could be due to a greater annual migration of the 
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ITCZ in the WEP creating seasons with two distinctly different wind directions, contrasting with 
the Galápagos Islands where the prevailing winds generally come from the southeast. 
Millennium scale changes in migratory path of the ITCZ in the EEP could have the potential to 
create greater seasonality in stable isotopes in precipitation if two distinctly different sources 
provided moisture at different times of the year.  
4.4. Drivers of spatial and temporal isotopic variability in Galápagos precipitation 
 Given the dearth of precipitation stable isotope data from the eastern equatorial Pacific, 
the data presented here is critical to understand how regional climate information is archived in 
stable water isotope ratios of precipitation in this region. Climate-isotope relationships across a 
range of temporal and spatial scales are particularly important, as the climate mechanisms 
influencing δ18Op and δDp values may also vary substantially across space and time. For 
example, in Borneo, δ18Op was found to be a stronger metric of regional, rather than local 
convection, and the amount effect was most strongly manifested using a five day running 
average for climate data (Moerman et al., 2013). Given the complex spatial and temporal 
behavior of isotopes in precipitation, climate data from both local and regional sources must be 
utilized at multiple timescales to effectively understand the variations in the Galápagos rainwater 
stable isotope record. This analysis serves to provide additional insight into the meteorological 
processes which create variability in isotope composition in precipitation other than precipitation 
amount itself (as discussed in 4.1).  
 Correlations between daily and monthly amount-weighted δ18Op or d-excess values in 
Galápagos precipitation and both local (Bellavista and CDRS data) and regional (Niño 1+2) 
OLR, SST, and RH anomalies were calculated (Table 2). Anomaly data were used in favor of 
magnitude data to define correlations between meteorology and stable isotopes in precipitation 
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that were not regulated by seasonal cycles. A discussion of the relationship between climate and 
δ18Op is organized below by meteorological variable, followed by a discussion of the variables 
correlated to d-excess in the Galápagos. Multiple spatial and temporal scales for isotope and 
weather data are considered for each sampling site.  
4.4.1. Outgoing Longwave Radiation (OLR) 
Atmospheric convection quantified by OLR has a consistently significant relationship 
with δ18Op on Santa Cruz. At Bellavista, monthly averaged δ18Op is closely linked to local OLR 
(R=0.71, p<0.001, N=140) and Niño1+2 OLR (R=0.61, p<0.001, N=140). The relationship 
between monthly OLR and δ18Op at CDRS is also strong both locally and regionally (R=0.56, 
p<0.01, N=28 and R=0.61, p<0.001, N=28, respectively). This suggests atmospheric convection 
at both spatial scales is an important process driving δ18O variability in precipitation in the 
Galápagos Islands. Strong convective activity causes the distillation of heavier water molecules 
through increased vapor recycling and rainout as convection increases, creating precipitation 
with lower δ18O when it reaches Santa Cruz (Dansgaard, 1964, Lawrence and Gedzelman, 1996; 
Lawrence et al., 2004; Risi et al., 2008). Locally, and averaged across the Niño 1+2 region, OLR 
and daily δ18Op at CDRS have a weaker correlation (R=0.27, p<0.001, N=198 and R=0.32, 
p<0.001, N=198 respectively). This reduced daily correlation is unsurprising because of the 
time-integrated processes by which atmospheric convection creates vapor/precipitation with 
lighter isotopes (Risi et al., 2008).  
4.4.2. Sea Surface Temperature (SST) 
 The interrelated nature of SST and atmospheric convection is apparent given the strong 
correlation between SST and δ18Op on Santa Cruz. Bellavista monthly amount weighted δ18Op is 
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closely related to local SST (R=-0.36, p<0.001, N=140) and also shows a similar correlation with 
Niño 1+2 SST (R=-0.39, p<0.001, N=140). For CDRS, SST does not appear to be closely linked 
to monthly δ18Op. At the daily timescale, only local SST is significantly correlated to daily δ18Op 
at CDRS, though the correlation is low (R=-0.26, p<0.001, N=196). Despite a weakness in the 
relationship between SST and δ18Op on Santa Cruz, the large correlation between OLR and δ18Op 
across multiple spatial and temporal scales suggests SST has a secondary influence on isotopic 
composition in Galápagos precipitation due to the interrelatedness of atmospheric convection 
and SST. One possible explanation for the low correlation between SST and δ18Op is the fact that 
local and Niño 1+2 SST rarely exceed the 27.5°C necessary to initiate deep atmospheric 
convection because of the influence of cool upwelled water off the coast of South America 
(Graham and Barnett, 1987; Lau et al., 1997). Because SST of 27.5°C associated with deep 
convection are rarely reached, storm systems capable of producing the lowest δ18Op through 
vapor recycling and distillation of heavy isotopologues seldom occur, thus weakening the first-
order correlation between SST and δ18O in precipitation.  
4.4.3. Relative Humidity (RH) 
 Local and Niño 1+2 relative humidity show a low but significant correlation to monthly 
δ18Op at Bellavista (R=-0.28, p<0.001, N=140; R=-0.27, p<0.01, N=140, respectively). Monthly 
δ18Op at CDRS is well correlated to regional RH (R=-0.50, p<0.01, N=28) but is not significantly 
correlated to local RH. The inverse relationship between Niño 1+2 RH and monthly δ18Op at 
both sampling locations suggests the role of RH in determining atmospheric water vapor isotopic 
composition during initial evaporation from the surface of the ocean is not significant. If RH at 
the initial location of water vapor evaporation from the surface did have a strong influence on 
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δ18Op, we would expect to see a positive correlation because higher RH decreases the kinetic 
fractionation factor associated with evaporation (Clark and Fritz, 1997). Rather, the re-
evaporation of falling raindrops may explain the negative correlation coefficients at the monthly 
timescale because increased evaporation of droplets with lower RH would increase δ18Op values 
(Friedman et al., 1962; Jouzel, 1986; Gat, 1996). On the daily timescale, a low correlation 
between δ18Op at CDRS and local RH is observed (R=0.15, p<0.05, N=198). This positive 
relationship between CDRS δ18Op and local RH is consistent with the interpretation described 
above relating to initial conditions at evaporation; however, the small correlation coefficient does 
not offer sufficient evidence to support this. No daily regional RH data products were available 
to assess the relationship between Niño 1+2 RH and daily δ18Op.  
4.4.4. Climate and d-excess 
Most processes affecting d-excess in precipitation are ultimately related to RH, 
temperature and evaporation (Clark and Fritz, 1997). When RH is close to 100% near the ocean 
surface during initial evaporation of water, the d-excess value of newly formed vapor stays close 
to the GMWL (d-excess near 10). When RH decreases, differential fractionation rates of oxygen 
and hydrogen isotopes cause newly formed vapor to plot well above the GMWL (d-excess > 10; 
Merlivat and Jouzel, 1979; Clark and Fritz, 1997). This causes a d-excess signal reflecting 
moisture source RH conditions to exhibit an inverse relationship. The opposite is true after 
droplets of precipitation form and make their way to the ground. When these droplets encounter 
evaporation, their d-excess decreases due to enhanced evaporation rates created by low RH (Gat, 
1996). If this effect is strong enough, the correlation between d-excess and RH would be 
positive. Deuterium excess variability in Galápagos precipitation is likely influenced by both 
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source region conditions (RH and SST) and re-evaporation of falling raindrops, though 
correlation coefficients in our analysis are quite low. 
Bellavista monthly averaged d-excess shows a significant but small positive correlation 
to both regional and local SST (R=0.26, p<0.01, N=140 and R=0.31, p<0.001, N=140 
respectfully), and a small negative correlation to local OLR (R=-0.18, p<0.05, N=140). The 
positive correlation between SST and d-excess in Bellavista precipitation would suggest SST 
facilitates production of vapor with higher d-excess, but the weak correlations between RH and 
d-excess at Bellavista makes this correlation difficult to soundly explain given the traditional 
interpretations of d-excess variability. Although no significant correlation between monthly 
CDRS precipitation d-excess and meteorology is shown in our analysis, a small but significant 
correlation between daily d-excess and local SST (R=0.18, p<0.01, N=196), RH (R=-0.15, 
p=0.03, N=198), and precipitation amount (R=0.34, p<0.001, N=198) is found. Here evidence is 
present which indicates local processes may be more important in determining d-excess value of 
precipitation at CDRS than regional moisture source conditions. The negative correlation 
between RH and d-excess of precipitation is small, but may indicate local moisture source 
conditions help drive variability in d-excess. Precipitation amount and d-excess have a 
straightforward explanation: higher rates of precipitation lead to decreased re-evaporation of 
droplets, preventing decreases in d-excess on the droplets’ way to the ground. In general the 
influence of climate on d-excess is vague in the Galápagos according to our analysis. Longer 
records of d-excess and higher resolution meteorological data may be needed to consistently 
determine which processes control d-excess in the region. 
Comparing monthly averaged regional (Niño 1+2) and local climate data with monthly 
δ18O and d-excess from precipitation on Santa Cruz allows us to investigate which atmospheric 
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and hydroclimatic conditions, both local or regional, are the primary mechanisms governing the 
isotopic composition of rain in the eastern equatorial Pacific on the monthly scale. Our data 
indicate δ18Op on Santa Cruz is affected by a mix of both regional and local climate processes. 
Aside from precipitation amount (discussed in section 4.1), regional and local atmospheric 
convection, as measured by OLR inside Niño 1+2 and over Santa Cruz, have the strongest 
relationship with δ18Op among the observed meteorological data at both sampling locations. SST 
likely plays a significant role in facilitating this convection. While neither local nor regional RH 
appears to be strongly related to δ18Op at Bellavista, the arid lowlands on Santa Cruz show 
regional RH is correlated with δ18Op values. Daily variability in δ18Op at CDRS appears to not 
only be influenced by precipitation amount, but by atmospheric convection and local SST. A 
consistent explanation for both monthly and daily variability in d-excess at each site on Santa 
Cruz remains unclear, although possible sources of variability could result from moisture source 
conditions, or changes in evaporation rates of falling rain droplets proportional to RH or 
precipitation rate. 
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5. Conclusions 
 This study provides the first daily resolved record of isotopes in precipitation from the 
eastern equatorial Pacific allowing us to investigate the relationship between climate and stable 
isotopes in precipitation at a resolution never explored in the EEP. Unlike in the WEP where no 
significant amount effect is apparent in daily precipitation (Moerman et al., 2013), our data 
reveal a robust negative correlation between daily as well as monthly precipitation amount and 
δ18Op at CDRS. However, while Pearson correlation coefficients show both monthly and daily 
local precipitation amount effects on Santa Cruz, accounting for the non-normal distribution of 
precipitation in the Galápagos highlights a strong amount effect at only the daily timescale. 
Monthly and longer timescales require rare periods of extreme precipitation during strong El 
Niño events to produce a significant amount effect, an observation critical when interpreting 
certain stable isotope-based paleoclimate proxies in the region. Analysis of meteoric water lines 
and d-excess from Bellavista and the Charles Darwin Research Station suggest two significantly 
different environments create distinct isotopic patterns in precipitation over an elevation change 
of less than 200 m on Santa Cruz Island. Backwards moisture trajectory modeling reveals no 
distinguishing δ18Op or deuterium excess values for certain moisture sources, and a lack of 
predictable changes in seasonal wind direction. Several different meteorological parameters 
correlated with isotope data highlight the close relationship between both regional and local 
atmospheric convection and monthly averaged δ18Op in the Galápagos Islands, a finding 
consistent with recent studies from the WEP (Cobb et al., 2007; Kurita et al., 2009; Moerman et 
al., 2013; Kurita, 2013). Drivers of d-excess in Santa Cruz precipitation are not as clear. Local 
SST, precipitation amount, and RH are only weakly correlated with d-excess.  
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 Warming of the equatorial Pacific Ocean over the last 150 years (Cobb et al., 2003; 
Conroy et al., 2009) warrants an increased focus on paleoclimate in the eastern equatorial 
Pacific. By continuing to study how EEP climate has varied throughout recent history, we will be 
able to more effectively project the magnitude of changes likely to occur if global atmospheric 
CO2 continues rising. Basin wide climate phenomena with global teleconnections such as ENSO 
are highly sensitive to the temperature gradient across the Pacific Ocean (Diaz et al., 2001) 
making this region particularly important for further investigation. Precipitation-sensitive proxies 
that use δ18Op or δDp hold the potential to fill in voids in the paleoclimate record from the region, 
particularly in the Holocene.  
Our findings indicate that stable isotope systematics in precipitation in the EEP can vary 
on a small spatial scale. This result is critical to consider before interpreting stable isotope based 
paleoclimate proxy records from multiple locations. Additionally, the dependence of the amount 
effect on very strong El Niño conditions necessitates the collection of multiple proxy types to 
stitch together historical variations in precipitation amount unrelated to ENSO variability. 
Through detailed investigation of the relationship between modern stable isotopes in 
precipitation and climate in the EEP, these results aim to strengthen the foundation for EEP 
proxy interpretations of the past, and will help inform future work. 
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Figures and Tables 
 
Figure 1. Map of Galápagos Archipelago. Sampling sites on Santa Cruz Island, including Charles 
Darwin Research Station (C.D.R.S.), and Bellavista. Spatial sampling pathway is drawn on Santa 
Cruz, with sampling locations represented by diamonds.  
35 
 
 
Figure 2. Timeseries of Niño 1+2 (a) OLR anomaly (Liebmann and Smith, 1996), (b) SST 
anomaly (Reynolds et al., 2002), (c) monthly averaged precipitation anomaly (Adler et al., 
2003), (d) Amount weighted monthly averaged time series of Bellavista (blue; IAEA/WMO, 
2016) and CDRS (orange) δ18Op. 
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Figure 3a. Bellavista monthly means of precipitation amount and δ18Op from 1995-2008 (GNIP). 
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Figure 3b. Charles Darwin Research Station monthly means of precipitation amount and δ18Op 
from 1996-2008 and 2012-2015 respectively (www.darwinfoundation.org).  
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Figure 4. Weighted monthly averages for CDRS and Bellavista δ18Op and δDp. Linear regression 
for each site indicates Bellavista MWL has a significantly steeper slope than the MWL at CDRS 
(95% confidence interval). 
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Figure 5. Single day δ18Op on Santa Cruz Is. over a range of altitudes collected January, 2015. 
Sampling locations are illustrated in Fig. 1.  
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Figure 6. Moisture trajectories (2012-2015) from the HYSPLIT model. Trajectories 
corresponding to high and low δ18Op daily samples are show in red and blue from 2012-2015. 
Moisture trajectories were modeled at (A) 750 m and (B) 2125 m 
(http://ready.arl.noaa.gov/HYSPLIT.php) 
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Figure 7. Moisture trajectories (2012-2015) from the HYSPLIT model. Trajectories 
corresponding to high and low d-excess precipitation daily samples are show in green and 
purple, respectively. Moisture trajectories were modeled at (A) 750 m and (B) 2125 m 
(http://ready.arl.noaa.gov/HYSPLIT.php) 
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Figure 8a. Results of HSYSPLIT moisture trajectory modeling at 750 m altitude (65 days, 2012-
2015) grouped by season (http://ready.arl.noaa.gov/HYSPLIT.php). 
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Figure 8b. Results of HSYSPLIT moisture trajectory modeling at 2125 m altitude (65 days, 
2012-2015) grouped by season (http://ready.arl.noaa.gov/HYSPLIT.php). 
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Figure 9. The relationship between local precipitation amount and δ18Op at both daily and 
monthly timescales from CDRS. Spearman’s ρ and Pearson’s R assess the strength of the amount 
effect.  
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Figure 10. Correlation coefficients (R) for running means of δ18Op at CDRS and precipitation 
amount measured at CDRS, and Niño 1+2 from 2012-2015 (Joyce et al., 2004).  
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Figure 11. Distribution of precipitation amount data at CDRS at daily and monthly timescales. 
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Figure 12. Bellavista monthly δ18Op vs. Niño 1+2 precipitation amount during the strong1997-
’98 El Niño event (blue) and all other months from 1995-2008 (black). Pearson and Spearman 
correlation coefficients are shown.  
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Figure 13. Monthly averaged δ18Op at Bellavista during various stages of ENSO as defined by 
the Ocean Niño Index ONI from 1995-2008.  
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Table 1. Site information used in our spatial sampling mission in January 2015. 
 
 
 
 
 
 
 
 
 
50 
 
 
 
51 
 
Appendix A: Sample injection syringe preservation    
 Liquid water samples are injected into the companion vaporizer unit of the Picarro 
L2120-i cavity ringdown isotopic analyzer by an autosampler. Each high precision isotopic 
measurement lasts approximately ten minutes, allowing time for dissolved solids in the residual 
sample to precipitate inside and on the surfaces of the syringe in between injections, despite a 
cleaning cycle completes after each injection. Residue that builds up on the syringe throughout a 
sample run may cause a decrease in the volume of water per injection, affecting the precision and 
accuracy of each measurement, or result in bending of the plunger which can cause instantaneous 
failure of a run. This risk necessitates manual cleaning of the syringe during each run. The 
amount and rate of buildup of solids on or inside the syringe is likely a function of total dissolved 
solids in a sample set, making seawater particularly difficult to analyze without complications; 
however, measurement of precipitation samples also requires manual cleaning of the syringe to 
prevent poor data quality or run failure. Here we describe our methods for preserving the 
longevity of syringes used for the injection of liquid water samples for isotopic analysis. 
 Several tasks are performed during and after each sampling run to extend the syringe’s 
life. The most important method for maintaining the health of the syringe is manually cleaning it 
during longer sample runs. Intra-run cleaning of the syringe generally needs to be conducted if 
analyzing over 20 samples in a single run. Multiple cleanings may be required if analyzing 
seawater, or samples with high dissolved solid content. For an average run conducted for this 
study, around 60 precipitation samples were analyzed (three injections each). For a run of this 
duration, the analyzer and autosampler was paused twice for manual cleaning. The syringe was 
carefully, manually extracted from the autosampler. Picarro software has a function which 
automatically unlocks the syringe for removal, but if too many solids are built up inside of the 
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syringe, the plunger may break because the autosampler quickly pulls on it while moving into 
position. This makes it favorable to manually extract the syringe after pausing the equipment. To 
clean the syringe we gently removed the plunger from the syringe body. Next, N-methyl-2-
pyrrolidinone (NMP) was poured into a small beaker. This is an organic solvent comparable to 
paint thinner. Only enough of the liquid to cover the bottom of the beaker up to a centimeter is 
necessary. Gently hand clean the plunger and syringe needle with lint free lab tissue moistened 
by the NMP solution. It is important to wear appropriate personal protective equipment while 
using NMP, including thick rubber gloves and safety goggles. After returning the plunger into 
the body of the syringe we then drew NMP into the syringe by pulling back on the plunger, and 
expelling it. This rinse was completed 4-5 times, and was repeated with deionized water 7-8 
times to remove all NMP from the body of the syringe. The plunger and syringe was then dried 
out using lab tissue, and the syringe was placed in a lab oven at ~125°F for 15 minutes. After 
sufficient drying in the oven, the plunger was inserted back into the syringe, and secured in the 
autosampler. Slight isotopic contamination of the next sample injection is possible; however, 
these effects disappeared after 2-3 injections. Timing the cleaning of the syringe is important and 
should be considered before starting a run. The same procedure was followed upon completion 
of each sample run. Additionally, the autosampler and injection site on the vaporizer unit was 
wiped down with lab tissue and deionized water.  
Proper storage of the syringe and plunger is essential to maintaining the condition of the 
syringe. The syringe was placed inside its original packaging in a cool, dry lab drawer for 
storage. The plunger was separately stored in the freezer. Before beginning another run, 
condensation forming on the plunger after removal from the freezer was dried using lab tissue. 
Using these methods, in addition to the cleaning cycle the autosampler performs after each 
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injection, the syringe typically was capable of performing 500 to 1000 injections without 
noticeable deterioration in data precision, accuracy, or run failures. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
54 
 
Appendix B: Stable Isotope Data from Santa Cruz Island, Galápagos 
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